The chromosomal DNA of Streptomyces griseus 2247 (a derivative of strain IFO3237) was digested with several restriction endonucleases and analyzed by pulsed-field gel electrophoresis (PFGE). Digestion with AseI and DraI gave 15 and 9 fragments, respectively, the total sizes of which were 7.8 Mb. All the AseI and DraI fragments were aligned on a linear chromosome map by using linking plasmids and cosmids. PFGE analysis of the intact chromosome also showed a linear DNA band of about 8 Mb. Detailed physical maps of both terminal regions were constructed; they revealed the presence of a 24-kb terminal inverted repeat on each end. PFGE analysis with and without proteinase K treatment suggested that each end of the chromosome carries a protein molecule.
Streptomyces species are gram-positive soil bacteria with a high level of GϩC base composition (70 to 74%) in their DNA (4) . They display a complex life cycle which culminates in spore formation (3) and involves the production of a large number of secondary metabolites such as enzyme inhibitors, herbicides, and over 70% of naturally occurring antibiotics (2) . These characteristics make this genus an attractive research subject from both academic and industrial points of view.
Streptomyces griseus is one of the physiologically best-studied species among streptomycetes. Studies of various S. griseus strains without genealogical relationship revealed that this species sporulates well in liquid culture (19) and produces the classical antibiotic streptomycin. It also produces A-factor, an autoregulating hormone essential for both sporulation and streptomycin production (16, 20) . A preliminary attempt to construct a genetic map of the S. griseus NRRL3851 chromosome (33, 34) was not followed up because of its genetic instability, which is an obstacle to genetic studies of this physiologically interesting Streptomyces species.
Recently, macrorestriction analysis by pulsed-field gel electrophoresis (PFGE) allowed the construction of physical maps of bacterial chromosomes. Thus, it was shown that the chromosomes of Streptomyces lividans and Streptomyces coelicolor A3 (2) have a linear topology (5, 28, 29) . Moreover, several reports revealed a wide variety of bacterial chromosome structures (15) . For example, Borrelia burgdorferi has a linear chromosome (9) , Agrobacterium tumefaciens contains a linear and a circular chromosome (1) , and Rhodobacter sphaeroides has two circular chromosomes (38) . Therefore, the long-standing belief that bacteria have one circular chromosome has been disproved: linear chromosomes are not a monopoly of eukaryotes.
To characterize physically the S. griseus chromosome, we made use of PFGE analysis of macrorestriction fragments of the chromosome and the alignment of these fragments by hybridization with linking plasmids and cosmids. Here, we describe a linear chromosome map of S. griseus 2247 and the analysis of its terminal structure.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. S. griseus strains were obtained from the IFO (Institute for Fermentation, Osaka), the NRRL (Northern Regional Research Laboratory), and the HUT (Hiroshima University, Department of Fermentation Technology). S. griseus 2247 is a mutant of strain HUT6037 (IFO3237) (13) . Plasmids pBR322 and pUC18 and Escherichia coli DH5␣ and Sure were used for cloning experiments. Glucose-meat extract-peptone (GMP) medium contains 1% glucose, 0.4% peptone, 0.2% meat extract, 0.2% yeast extract, 0.5% NaCl, and 0.025% MgSO 4 ⅐ 7H 2 O (pH 7.0).
Preparation of linking plasmids. AseI and DraI linking plasmids were prepared in pBR322, which has one AseI site and three DraI sites in and around the ampicillin resistance gene. Total DNA of S. griseus 2247 was digested with BamHI or SalI, self-ligated with T4 DNA ligase, and digested again with AseI or DraI. The resulting fragments were ligated into pBR322 linearized with AseI or into the largest DraI fragment of pBR322 and used to transform E. coli DH5␣. Ampicillin-sensitive colonies containing an insert were selected among the tetracycline-resistant transformants. These candidate linking clones were further analyzed by digestion with AseI or DraI and hybridization to PFGE fragments of S. griseus DNA to identify their linking positions.
Construction of a cosmid library. Total DNA of strain 2247 was partially digested with Sau3AI to fragments with approximate sizes of 40 to 60 kb, treated with alkaline phosphatase and ligated into cosmid Supercos1 (Stratagene, La Jolla, Calif.) (11) . The ligated DNAs were packaged with in vitro packaging extracts (Gigapack II; Stratagene) and transfected into E. coli Sure. Supercos1 can accommodate a DNA fragment of 30 to 42 kb in length. Since Supercos1 has two AseI sites and five DraI sites, clones containing an insert with an AseI or a DraI site were identified by digestion with AseI or DraI followed by analysis by conventional agarose gel electrophoresis. All the candidates were checked by hybridization to PFGE-separated fragments to identify their linking positions.
Preparation, digestion, and separation of DNA samples (22) . S. griseus 2247 was grown in GMP medium in a Sakaguchi flask for 3 days and washed twice with 10.3% sucrose by centrifugation. The mycelium was resuspended in TE25Suc (0.3 M sucrose, 25 mM Tris-HCl, 25 mM EDTA, pH 8.0) (21) . A 1.5-ml sample of the mycelial suspension was mixed with 3 ml of 1.5% low-melting-point agarose (type VII; Sigma, St. Louis, Mo.) in TE25Suc kept at 40ЊC, poured into a plate (5.5-cm diameter) and solidified at 4ЊC for 10 min. A 4-ml sample of a freshly made lysozyme solution in TE25Suc was added to the plate and incubated at 37ЊC for 4 to 5 h. The lysozyme solution was replaced by 1 ml of 0.5 M EDTA (pH 8.0), 1 ml of 10% sodium dodecyl sulfate, and 4 ml of proteinase K (1 mg/ml) in TE25Suc, and the mixture was incubated for 24 h at 50ЊC. The buffer was then replaced by 0.5 M EDTA, and the gel was stored at 4ЊC. For digestion with restriction endonucleases in agarose gel, proteinase K was inhibited by shaking the gels in 100 M phenylmethylsulfonyl fluoride for 1 h and washed once in TE (10mM Tris-HCl, 1mM EDTA, pH 8.0) for 30 min and twice in the reaction buffer for 30 min each. Digestion was carried out in reaction buffer containing 100 g of bovine serum albumin per ml at 37ЊC overnight. After digestion, the gels were stored at 4ЊC in 0.5 M EDTA (pH 8.0). We used the contour-clamped homogeneous electric field system (7) supplied by Biocraft (Tokyo, Japan) for PFGE analysis. Electrophoresis was carried out at 15ЊC with different switching intervals at 100 to 150 V in 0.5ϫ TBE (44.5 mM Tris, 44.5 mM boric acid, 1mM EDTA) buffer with 1% agarose gels. Schizosaccharomyces pombe HM422-h Ϫ chromosomes (12) , Saccharomyces cerevisiae AB972 chromosomes (30) Southern hybridization. After PFGE or conventional agarose gel electrophoresis, DNA fragments were transferred to nylon filters by the capillary method. DNA fragments were also extracted from low-melting-point agarose gel, labeled with digoxigenin-labeled dUTP (Boehringer GmbH, Mannheim, Germany), and used as probe. Hybridization and detection were carried out with the nonradioactive kit as recommended by the supplier (Boehringer).
RESULTS

Macrorestriction analysis and chromosome size estimation.
In a preliminary experiment, we analyzed the physiologically best-studied S. griseus strains to establish their macrorestriction patterns. However, AseI-restricted chromosomal DNA of S. griseus IFO13189, IFO13350, and NRRL2682 (32) showed a broad band around 700 kb containing six fragments. The HUT strains, in contrast, revealed more discrete bands in that range. The two groups of S. griseus strains do not appear to be genealogically related, as shown by comparative PFGE analysis, which will be described elsewhere. Strains HUT6036 (IFO3102) and HUT6037 were found to carry a 200-and a 90-kb linear plasmid, respectively, but strain 2247, derived from HUT6037, contained no plasmid.
Since strain 2247 has been used in our laboratory for a long time to analyze the streptomycin biosynthetic genes (37), we decided to use it for further analysis. Because of the high GϩC content of Streptomyces DNA (70 to 74%), restriction endonucleases recognizing a 6-bp sequence comprising only or mainly A and T nucleotides, such as AseI, DraI, SspI, SpeI, and AflII, afforded a suitable number of fragments for PFGE analysis. Since the restriction fragments varied widely in size, several PFGE conditions were used to separate them.
AseI digestion of the 2247 chromosome revealed 15 fragments between 5 and 2,000 kb in size (Fig. 1 , panels 1 and 2). By using two different pulse times, we obtained good resolution of all AseI fragments except for a 480-kb band, F1,2, which was deduced to be a doublet on the basis of its relative intensity compared with that of the next fragment E and on the basis of the results of double digestion. Digestion of the isolated F1,2 band with SspI gave rise to five fragments of 250, 230, 180, 150, and 90 kb, whose sum of 900 kb is about twice the size of the F1,2 band.
Digestion of the 2247 chromosome with DraI gave nine fragments of 45 to 1,500 kb (Fig. 1, panel 1) . Five singlet and two doublet bands were seen with a pulse time of 3 min. Digestion of DraI fragment A1,2 with AseI gave fragments corresponding to AseI fragments C (two 950-kb fragments [doublet] ), E (550 kb), F (480 kb), and L (45 kb). Digestion of DraI fragment C1,2 gave AseI fragments D (750 kb), I (150 kb), J (75 kb), and K (60 kb) in addition to DraI fragment C (1,100 kb) and a 50-kb fragment. These results indicated that DraI fragment A1,2 and C1,2 were both doublet bands.
Digestion with SspI revealed 30 fragments from 4 to 1,300 kb in size. For clear separation, three different pulse times, 2, 18, and 90 s, were used as shown in Fig. 1, panels 3, 4 , and 5. The sizes of the fragments produced by DraI, AseI, and SspI are listed in Table 1 . The sums of the fragment sizes were 7,785, 7,795, and 7,809 kb for DraI, AseI, and SspI, respectively.
AflII digestion generated approximately 37 fragments from 11 to 1,150 kb in size (data not shown). The complete separation of all fragments was not successful, and the data were not used for the estimation of the total genome size. Some AflII fragments were used to prove linkage between AseI fragments A and E and to analyze the terminal inverted repeat (TIR) of the chromosome (see below).
Physical mapping by linking plasmids. In order to align the AseI and DraI fragments of the chromosome, linking plasmids were prepared. Seven AseI linking plasmids were obtained, providing links between fragments L and F1 (pAB9)( 
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F1 and C (pAB8) (Fig. 2, panel 1 ), C and G (pAB4), F2 and M (pAB7), B and H (pAB2), H and K (pAB1), and K and J (pAB5) (Fig. 2, panel 2) . By the same strategy, four DraI linking clones were obtained, establishing linkage between fragments B and E (pDB1), D and F (pDB2), G and C1 (pDS1), and C1 and C2 (pDB3) (Fig. 2, panel 3 ). In addition, cosmid 10D7 was shown to contain two AseI sites and to hybridize to the AseI F2, G, and N fragments (Fig. 2, panel 4) . This located AseI fragment N between AseI fragments G and F2. Thus, the alignment of all the AseI fragments except the link between AseI fragments A and E was confirmed. However, as shown in Fig. 2, panel 6 , the labeled 1,150-kb AflII fragment A hybridized to both fragments, confirming their linkage. The 14 DraI linking cosmids were analyzed in the same way, and all the remaining DraI links were obtained, namely, links between DraI fragments A1 and B (3B2) (Fig. 2, panel 5 ), E and D (6H10), F and G (7D5), and C2 and A2 (11G9).
By the above studies, all the AseI and DraI fragments were aligned on a linear chromosome map as shown in Fig. 3 . On this map, AseI fragments L and E and DraI fragments A1 and A2 are located at either end of the chromosome. In accordance with a linear map, no linking clones between AseI fragments L and E and DraI fragments A1 and A2 were obtained, in spite of an extensive search by plasmid and cosmid cloning. To confirm the linear topology of the 2247 chromosome, PFGE analysis was carried out with an extremely long pulse time (29) . As shown in Fig. 4 , undigested total DNA prepared with proteinase K treatment gave a band of about 8 Mb, above the largest chromosome band of Schizosaccharomyces pombe, whereas the sample without proteinase K treatment did not show this band. The linking cosmid 1A6 hybridized to the 8-Mb band, indicating a linear configuration of the chromosome.
To refine the physical map in Fig. 3 , the relative positions of some AseI and DraI sites were studied more precisely. Cosmids 3B2 and 2G9 were found to contain both AseI and DraI sites, connecting AseI fragments C and G and DraI fragments A1 and B (Fig. 2, panel 3) and AseI fragments D and A and DraI fragments C1 and C2 (Fig. 2, panel 5) , respectively. Analysis of these cosmids revealed that the AseI site in 3B2 is present 9 kb left of the DraI site and the AseI site is 7 kb left of the DraI site in 2G9. In addition, the linking cosmids around the DraI F and G fragments were used for hybridization to AseI fragments. All the three cosmids, 11E12 (linking DraI fragments D and F), 7D5 (linking DraI fragments F and G), and 2F8 (linking DraI fragments G and C1), hybridized to the AseI H fragment, which indicated that the AseI H fragment contains the intact DraI F and G fragments as well as parts of the DraI D and C1 fragments. These results fixed the relative positions of AseI and DraI sites at three different regions on the chromosome.
Analysis of chromosomal termini. The terminal structure of the linear chromosome was analyzed more extensively. The labeled AseI L fragment hybridized strongly to the AseI E fragment as well as to the AseI L fragment itself, suggesting the presence of a TIR on each end. This was further supported by the following data. Total DNA of strain 2247 and the isolated AseI L and E fragments were digested with BamHI, separated by agarose gel electrophoresis, and hybridized to the AseI L probe. As shown in Fig. 5 , AseI L and E fragment ends gave the same four fragments, which exactly correspond to the doublet bands in the BamHI digest of the 2247 chromosome (indicated by arrowheads). These fragments were deduced to have derived from the TIR regions. Therefore, the AseI L probe was used to screen the cosmid library, yielding four cosmids, 1A6, 6E12, 8F1, and 9D2, from the terminal regions. Cosmids 1A6 and 8F1 were found to contain the left end region because of the presence of an AseI site. Hybridization with the BamHI 
a The linking clones described in the text are indicated in bold type. Linking positions are designated as fragments joined by hyphens.
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Comparison of other PstI sites on these BamHI fragments indicated the size of the TIR to be 24 kb.
To confirm the presence of chromosome ends on the left of AseI fragment L and on the right of AseI fragment E, detailed restriction analysis was carried out as follows. Total DNA of strain 2247 was digested separately with BamHI, SalI, SacI, AvaI, RsaI, HaeIII, and EcoRI and with each of these enzymes in combination with AseI, was separated by agarose gel electrophoresis, and was probed with the 3.2-kb AvaI fragment of cosmid 6E12 which contains the terminal AvaI fragment. As shown in Fig. 7 , no size difference between the hybridization patterns of all single-and double-digestion pairs was observed. This result could be explained by the presence of either of chromosome ends or of restriction sites for all the endonucleases in a region shorter than the detection limit of this experiment (about 20 bp). Since the latter possibility is extremely unlikely, the presence of the chromosome ends was confirmed. From these experiments, cosmid 9D2 was found to carry an insert ending 3.5 kb from the left end of the chromosome. Cosmid 6E12 contained an insert ending only about 250 bp from the right end.
To look for a protein bound to the ends of the chromosome, AseI digests of DNA samples prepared with and without proteinase K treatment were compared. As shown in Fig. 8 , the AseI E band in non-proteinase K-treated DNA was very faint and the AseI L band could not be detected. The labeled end probe hybridized only to the origin in the absence of proteinase K, indicating that most of the AseI L and E fragments remained at the origin. These results suggest that both ends are bound to a protein as in the cases of the S. lividans chromosome (29) and other actinomycete linear plasmids (23, 25) . 
DISCUSSION
A linear physical map of the chromosome of S. griseus 2247 was constructed for 15 AseI and 9 DraI fragments, as shown in Fig. 3 , by PFGE analysis in combination with plasmid and cosmid linking clones. All data were in good agreement with this map. The linear topology of the S. griseus chromosome was further confirmed by detailed restriction mapping of the ends and the finding of a protein bound to each end fragment. The chromosome has a 24-kb TIR on each end.
The linear topology of the Streptomyces chromosome was first demonstrated for S. lividans 66 (29) . The chromosome ends of this strain each possess a TIR of 25 kb. Interestingly, over 16 kb the two ends were the same as one end of the linear plasmid SLP2 (6) . The finding of an unbridgeable gap in the physical map of S. lividans agreed with this structure (28) . A linear configuration was also suggested for S. coelicolor A3(2); however, the end structure has not been studied in detail (29) . The chromosome size of strain 2247 was calculated to be 7.8 Mb on the basis of the total size of restriction fragments. The size is in good agreement with those reported for S. coelicolor A3 (2) Lin et al. (29) reported a protein bound to the chromosome ends in addition to the presence of a TIR in S. lividans. They also suggested a linear chromosome topology for six other Streptomyces strains on the basis of the detection of linear DNA bands of around 8 Mb by PFGE. In the present study, it was also revealed that the S. griseus chromosome contains the same three properties, which, therefore, may be general for Streptomyces chromosomes.
Streptomyces chromosomes are well known to undergo DNA rearrangements such as deletion and amplification (8, 10, 36) .
The molecular basis of genetic instability has been realized only after the finding of a linear chromosome topology: genetic instability might be initiated by deletion from the chromosome ends (5, 26, 35, 36) . Many linear plasmids have been isolated from actinomycetes (23, 25) . These linear plasmids have the same characteristics as the linear Streptomyces chromosomes: TIRs and proteins bound to the 5Ј ends. It is quite suggestive that several linear plasmids were detected after interspecific mating of actinomycete strains (18, 39) . Thus, the linear plasmids might be formed by deletion or recombination of the linear chromosomes (23) .
Analysis of the terminal nucleotide sequences of the S. lividans chromosome and several actinomycete linear plasmids showed a quite short homologous sequence at the extreme end (6, 23) . This sequence might have an important role in replication or maintenance of these linear replicons. However, no cross-hybridization between the terminal chromosome fragments of S. lividans and S. coelicolor A3(2) was observed (5), although these strains are closely related. When the terminal cosmid 6E12 was probed with the BamHI digests of the total DNAs from S. lividans 66, S. coelicolor A3(2), and Streptomyces rochei 7434AN4 (24) , no hybridizing band was observed either (unpublished result). This suggests that the termini of the Streptomyces chromosome are variable, except the extreme end.
Preliminary analysis indicated that the digestion pattern of the 2247 chromosome was different from those of S. griseus strains, IFO13189, IFO13350, and NRRL2682. Hara and Beppu (13) showed that A-factor is not necessary for either spore formation or streptomycin production in strain 2247 in contrast to other S. griseus strains. The reason for A-factor independence has recently been clarified by the lack of a repressor-like A-factor-binding protein in this strain (31) . It will be interesting to know whether this characteristic is related to a difference in chromosome structure. The afsA gene, which may encode a protein essential for A-factor production (17) , is quite unstable VOL. 177, 1995 PHYSICAL MAP OF THE LINEAR CHROMOSOME OF S. GRISEUS 6497 and is easily lost from the afsA ϩ strain (14) . Analysis of the genome structure of the afsA Ϫ strain is in progress in our laboratory on the basis of the physical map presented here.
We have started to construct a genetic map of S. griseus 2247, which will be of great use to genetic studies on this species, by hybridization of cloned genes to PFGE-separated bands. Supplies of any genes from S. griseus or other Streptomyces species will be welcomed as probes for this purpose.
